Routinely used procedures for chemical fmtion often fail to preserve delicate membrane-bounded tubular structures in a variety of cell types. Fixation procedures commonly employed in immunocytochemical studies for localization of structural proteins, such as those found in cytoskeletal elements, may also degrade these tubular structures. Here we desaibe a procedure that p " s the elaborate tubular lysosome system found in stimulated macrophages and allows
Introduction
An elaborate tubular lysosomal compartment forms in murine macrophages after stimulation with certain agents (e.g., phorbol esters) (Luo and Robinson, 1992; Swanson et al., 1987) and after manipulation of the cytoplasmic pH (Heuser, 1989a) . Endocytosis of peroxidase-anti-peroxidase immune complexes by rat alveolar macrophages also leads to the formation of tubular structures (Araki and Ogawa, 1987) . The tubular lysosomal compartment (as well as tubular endosomal structures) has been difficult to preserve, for morphological analysis, in a form reflective of its native structure owing to sensitivity to routine chemical f i t i o n protocols (e.g., Robinson and Luo, 1992; Robinson and Kamovsky, 1991; Hopkins et al., 1990; Heuser, 1989b; Robinson et al., 1986) . Tubular lysosomes have been preserved for ultrastructural analysis by rapidfreezing and freeze-substitution techniques (Robinson and Karnovsky, 1991; Robinson et al., 1986) . Likewise, other complex tubular structures that have been difficult to preserve by routine chemical Supported in part by grants from The Ohio State University Comprehensive Cancer Center and the American Heart Association, Ohio Affiliate.
Correspondence to: John M. Robinson fixation have been stabilized by rapid-freezing and freezesubstitution in both plant (Samuels et al., 1995) and animal cells (Pettitt et al., 1995) . Application of this methodology has lead to new interpretations of structure in these cells.
Pharmacological studies using microtubule (MT) depolymerizing drugs have shown that tubular lysosomes in macrophages depend on M' IS for their formation and distribution (Robinson and Luo, 1992; Swanson et al., 1987) . Similarly, the Golgi apparatus, endoplasmic reticulum, and early endosomes have been shown to have tubular extensions that can move along MTs in other cell types (e.g., Cooper et al., 1990; Hopkins et al., 1990; Terasaki et al., 1986) . However, the precise topographical association and the extent to which various membranous structures align with cytoplasmic M' IS are not known in any cell type. In the case of tubular lysosomes, one reason for this relates to the difficulty in accurately preserving their structure during routine chemical fixation. In addition, the procedures commonly employed to delineate M'li by immunocytochemistry further degrade tubular lysosome structure and prevent co-localization of M'IS and tubular lysosomes.
We now present a procedure for the preservation of fluorescently labeled tubular lysosomes with chemical fixatives compatible with the subsequent immunocytochemical detection of M'IS with antibodies to tubulin. Therefore, it is now possible to image fluorescently labeled tubular lysosomes and MTs with high precision in the same cells at the same time; i.e., we were not required to image the fluorescent tubular compartment and then subsequently carry out the immunocytochemistry and relocate the same cell to image the pattern of MT distribution. We have used this preparative procedure in conjunction with a morphometric analysis to determine the degree of alignment between tubular lysosomes and MTs in stimulated macrophages.
Materials and Methods
Cells and Cell Stimulation. All reagents, as well as the isolation and culture of resident murine macrophages, have been described previously (Robinson and VandrC. 1995; Luo and Robinson. 1992) . Tubular lysosomes were induced to form in macrophages by stimulation with phorbol 12.13myristate acetate (PMA) in the presence or absence of Lucifer yellow CH (LY) as described previously (e.g.. Luo and Robinson, 1992; Robinson and Luo. 1992) . Control cells were incubated with LY and dimethyl sulfoxide (0.25% vlv) in parallel preparations.
Elecrron Microscopy. Macrophages were prepared for thin-section electron microscopy by conventional chemical fmtion and embedding methods and by rapid-freezing and freeze-substitution procedures as we have described previously (Robinson et al., 1986) .
Fluorescence Microscopy. Chemical fixation procedures that are often employed in immunofluorescence studies of cultured cells (Melan. 1994) and a fixation protocol that we have shown to preserve tubular lysosomes (Luo and Robinson. 1992) were used in this srudy. The various fixation procedures employed are given in Table 1 . Detection of intracellular antigens in whole cells typically requires permeabilization of cell membranes. In some ofthe fixation procedures (see Eble 1). cells were permeabilized during the initial steps of the process. In the other procedures, permeabilization was carried out just before the immunocytochemical localization of tubulin. Cells were permeabilized with Triton X-100 (0.1.0.2, and 0.3%) in PBS (unless noted otherwise) at 22°C for various times (30. 45. 60, 90. 180, or 300 sec). Microtubules were localized with monoclonal antibodies to aand P-tubulin and visualized with a goat anti-mouse secondary antibody labeled with Tcras Red (see Robinson and VandrC. 1995) .
Morphometric Analysis. A morphometric analysis was performed to determine the spatial relationship between tubular lysosomes and microrubula in PMA-treated macrophages. Double-label photomicrographs of mac- with 5 % sucrosc.
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rophages in which tubular lysosomes were labeled with LY and MTs were detected with antibodies to tubulin and Texas Red-labeled secondary antibodies were prepared as we have dcscribed previously (Robinson and Vandri, 1995; Luo and Robinson, 1992) . Photographic prints of tubular lysosomes and MTs were prepared using identical enlargement factors. Sheets of clear transparency film were placed on the photographs of the tubular lysosomes; the arrangement of these structures was traced onto the clear film with a fine-tip marker. The tracings were then placed on the photographs of the MTs from the same cells. The LY-labeled tubular complexes were traced with an electron pen using an x-y digitizing tablet (Ted Pella; Irvine. CA). The length of the LY-labeled tubular complexes was determined using the Sigma Scan software package (Jandel Scientific: Corte Madera. CA). The regions of the LY-labeled complexes that closely aligned with MTs were determined and compared with the regions of these complexes that did not align with MTs to determine the percent of alignment.
Results
Nonstimulated macrophages internalized LY and delivered it to spherical lysosomes in the perinuclear region of the cell (Figure 1A) .
Macrophages that were incubated with LY for 45 min in the absence (A) or presence of PMA (6). In the absence of PMA, the LY accumulates in spherical structures in the juxtanuclear region of the cell. With PMA treatment, LY is present in an elaborate tubular-reticular compartment (arrows). The cells were fixed with Fixative 1 (see Table 1 ) but without permeabilization. Corresponding differential interference contrast (DIC) images of the same cells shown in A and Bare presented in Nand B! Note that PMA treatment leads to enhanced cell spreading. In addition, the tubular compartments observed by fluorescence microscopy can sometimes be visualized with DIC optics (arrows in B and 6 ) . These are representative micrographs taken from an experiment using the same batch of cells. Essentially identical results were obtained in several different experiments. Bar = 10 pm.
When cells were stimulated with PMA, the LY fluorescence pattern was that of a complex tubular-reticular compartment ( Figure  1B) . Preparative procedures that are routinely used for the immunofluorescence localization of MTs typically fail to preserve the tubular compartment to the same extent as the fixative we have employed in Figure 1 (see Table 1 ). Extreme examples of this can be seen in which the MTs are well preserved whereas the morphology of the LY-positive tubular compartment is not well preserved (Figure 2A) or is not detectable ( Figure 2B) .
The difficulty in accurately preserving the tubular complex in conventional preparations for thin-section electron microscopy was documented ( Figure 3A) . The fragmented tubular elements often have the appearance of "beads on a string" in these cells. On the other hand, preservation of the tubular complexes was evident in thin sections of macrophages that were prepared by rapid-freezing and freeze-substitution ( Figure 3B ). This further illustrates the difficulty in stabilizing these tubular structures even under "optimal" conditions.
We have developed a fixation and permeabilization procedure in which MTs can be localized by immunofluorescence methods that do not damage the LYpositive tubular complexes (Table 1) . This permits imaging of the intact tubular complex and MTs in the same cells at the same time (Figure 4) . Optimal permeabilization of macrophages under these conditions was achieved with Xiton X-100 at 0.1% for 180-300 sec or 0.2% for 60 sec.
The ability to examine both tubular complexes and MTs in the same cells at the same time permits a critical evaluation of the spatial relationship between these two structures by means of morphometric analysis. The PMA-stimulated macrophage is ideally suited to this sort of analysis, because these cells are well spread on the substratum and have very thin peripheral cytoplasm (Pharie-Washington et al., 1980) . Macrophages have fewer MTs than do most types of cultured cells, further simplifying the analysis of the association of tubular compartments with MTs. The tubular compartments display a very high degree of spatial association with MTs over most of their length (Table 2 ). This was the case both in cells with an extensive tubular compartment and in cells with less complex arrays of tubular structures (Figure 4 ).
Discussion
The problems associated with disruption of delicate tubular structures by routine chemical fixation have been overcome in certain cell types by the use of rapid-freezing and freeze-substitution procedures to prepare cells for electron microscopy (e.g., Pettitt et al., 1995; Samuels et al., 1995; Robinson et al., 1986) . As we demonstrate, rapid-freezing and freezekubstitution are valuable tools for analyzing cell structure and tubular compartments in macrophages. However, this approach has been largely restricted to morphological analysis at the ultrastructural level. There are relatively few reports in which these methods have been employed for obtaining chemical information through enzyme cytochemical or immunocytochemical studies of tubular compartments (e.g., Pettitt et al., 1995; Samuels et al., 1995; Robinson and Karnovsky, 1991) . Moreover, the rapid-freezing and freeze-substitution methodology has been largely applied to the electron microscope level analysis, with few cases of its use at the light microscopic level (e.g., Terasaki and Reese, 1992; Dailey and Bridgman, 1989) .
Optical microscopy, compared with electron microscopy, has a number of advantages for the study of tubular compartments in cultured macrophages. These advantages include the ability to (a) monitor living cells under various experimental conditions, (b) localize tubular compartments labeled with exogenous fluorescent probes, (c) localize one or more antigens by immunofluorescence, and (d) increase sampling efficiency for statistical analysis. However, in conventional light microscopy preparations, the preservation of various tubular compartments can range from severe disruption to structures having a "beads on a string'' appearance or L F Figure 3 . Macrophages that were stimulated with PMA in the absence of LY and then prepared for thin-section electron microscopy. (A) A portion of a macrophage fixed by a conventional chemical fixation procedure (2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, with 5% sucrose). The tubular lysosome compartment becomes fragmented to various degrees under these conditions (brackets). The nucleus (N) and mitochondria (M) are also evident. (E) A portion Of a macrophage fixed by rapid-freezing and freeze-substitution. Several tubular structures (*) are contained in the section. These structures are not fragmented but are continuous and typically straight. These are repesentative micrographs; similar results were obtained in several different experiments. Bars = 1 wn. a mixture of straight segments interspersed with beaded structures, depending on the fixatives employed (e.g., Swanson et al., 1992; Wood and Brown, 1992;  Lippincott-Schwartz, 1991; Robinson and Karnovsky, 1991) . The reason for the extreme lability of some types of tubular structures, such as macrophage tubular lysosomes, remains unclear. Other structures, such as the endoplasmic reticulum, are not as susceptible to fixation-induced damage (see Terasaki and Reese, 1992) . A convenient chemical fixation procedure that preserves structures such as the labile tubular compartments and permits immunocytochemical localization of other cellular com-ponents is highly desirable. With the preparative procedures presented herein, the tubular compartments remain intact and have the same appearance that they display in living cells (Luo and Robinson, 1992 ). In addition, this preparative procedure permits the localization of MTs and the tubular lysosome complex in individual macrophages using fluorescence microscopy, the former by immunofluorescence localization of tubulin in MTs and the latter by detection of a fluorescence tracer that is internalized and delivered to the tubular lysosomal compartment.
The rapid formation of tubular lysosomes in PMA-stimulated Figure 16 . The cells were then fixed using Protocol 1 in Table 1 and processed for immunocytochemical localization of MTs. Double-label fluorescence images were used to compare the LY pattern (A.B) with the MT pattern (46) in two representative cells. The LY-positive compartment is intact and well-preserved and is comparable to that in similar cells that have not been through the immunocytochemical localization procedure. There is also a close association of LY-positive structures and MTs. Specific points of correspondence between the LY images and the MT images are indicated with arrows ( 1 4 ) . The high degree of spatial correspondence between the LY images and the MT images occurs in cells in which the tubular structures have a complex arrangement, as in A, and in cells in which the tubular pattern is less complex, as in B. Bar = 10 pm.
macrophages represents an extreme type of reorganization of membrane-bounded cytoplasmic compartments. This process is believed to involve MTs and the MT motor protein kinesin (Hollenbeck and Swanson, 1990) . In this study we document a close spatial relationship between.the tubular lysosomes and cytoplasmic MTs in macrophages that is remarkably high. To the best of our knowledge, this represents the most detailed demonstration of the spatial association between M E and a membrane-bounded organelle in any cell type. However, a complete understanding of this process is lacking and awaits further morphological and biochemical analysis. For example, why are tubular lysosomes present in PMAstimulated cells but lacking in nonstimulated cells? Are the nimulusdependent alterations in macrophage MTs (i.e., increased MT polymer, post-translational modification of a-tubulin) that we have recently described necessary for tubular lysosome formation (Robinson and VandrE, 1995) ? The methodological approach presented here should be useful in future studies addressing questions related to the formation and maintenance of tubular lysosomes in macrophages. In addition, the tubular lysosome system in macrophages represents an excellent model system for determining the usefulness of various fixation procedures for immunocytochemistry and loptical microscopy. Finally, it should be emphasized that a detailed analysis of the interaction of tubular lysosomes and MTs requires developing fixation and processing conditions that prevent fragmentation of the tubular compartment; a suitable procedure has been described herein.
